The outer membrane phospholipase A (OMPLA) of Enterobacteriaceae has been proposed to span the membrane 14 times as antiparallel amphipathic ␤-strands, thereby exposing seven loops to the cell surface. We have employed the epitope insertion method to probe the topology of OMPLA of Salmonella typhimurium. First, missense mutations were introduced at various positions in the pldA gene, encoding OMPLA, to create unique BamHI sites. These BamHI sites were subsequently used to insert linkers, encoding a 16-amino-acid B-cell epitope. Proper assembly of all mutant proteins was revealed by their heat modifiability in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The accessibility of the inserted epitopes was assessed. Immunofluorescence analysis of intact cells with antibodies against the inserted epitope showed that three of seven predicted loops are indeed cell surface exposed. Trypsin accessibility experiments verified the cell surface exposure of two additional loops and provided support for the proposed periplasmic localization of three predicted turns. For two other predicted exposed loops, the results were not conclusive. These results support to a large extent the proposed topology model of OMPLA. Furthermore, the observation that the substitutions Glu66Pro and Glu247Gly virtually abolished enzymatic activity indicates that these residues might play a major role in catalysis.
Most bacterial outer membrane proteins are involved in transport processes, either as pore-forming proteins or as receptors. The outer membrane phospholipase A (OMPLA) (also designated PldA protein, after its structural gene pldA) is one of the few enzymes present in this membrane. This Ca 2ϩ -dependent enzyme has hydrolytic activity towards phospholipids and lipids (23, 31, 37) . The pldA gene is widely distributed among members of the family Enterobacteriaceae, and the primary structure of this protein is highly conserved (8) . The pldA genes of Escherichia coli and Salmonella typhimurium encode 30-kDa proteins of 269 amino acid residues, preceded by signal sequences of 20 residues (8, 22) . The function of OMPLA is unknown. It has been shown that E. coli OMPLA is required for efficient secretion of bacteriocins (28, 32) , but it is unlikely that this is the primary function of the protein. Since OMPLA is an outer membrane protein, it is embedded in its substrate. However, enzymatic activity is detected only when the integrity of the outer membrane is affected, e.g., by heat shock (18) or by phage-induced lysis (16) . The mechanism of enzymatic activation of OMPLA, however, has not yet been elucidated. The structures and functions of many water-soluble phospholipases are known in detail, but OMPLA has no sequence homology with any of these well-characterized phospholipases.
To understand the catalytic and activation mechanisms of this intriguing enzyme, knowledge of its structure is needed. An E. coli OMPLA derivative has been overproduced, purified, and refolded with good yields (19) . Although the refolded protein did crystallize (5), its structure has not yet been resolved by X-ray diffraction analysis. There are strong indications that OMPLA belongs to the same class of ␤-sheet structure integral outer membrane proteins as the porins. This assumption is based on the facts that OMPLA lacks hydrophobic sequences long enough to span the lipid bilayer and that circular dichroism measurements showed that its secondary structure consists mainly of ␤-structure (19) . A model for the topology of OMPLA that was based on the prediction of turns and loops and calculations of hydrophobicity and hydrophobic moment has been proposed (8) (Fig. 1 ). In this model, OM-PLA traverses the outer membrane 14 times as antiparallel amphipathic ␤-strands, thereby exposing seven hydrophilic loops to the cell surface. On the periplasmic side, the ␤-strands are connected by short turns.
In the absence of a crystal structure, valuable structural information can be obtained by genetic approaches. A particularly useful method is the insertion of a foreign epitope at various sites in the protein. The subsequent determination of the accessibility of the inserted epitope in intact and in permeabilized cells will yield information on the topology of the protein in the membrane. This approach, which was originally developed in the study of outer membrane protein LamB (13) and successfully applied for other outer membrane proteins, such as PhoE (2), was used in the present study to determine the topology of OMPLA.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All strains used are E. coli K-12 derivatives. Strain DH5␣ (20) was used as the recipient in cloning experiments. Strain CE1265 (26) has the phoE gene deleted, and it does not produce OmpF and OmpC proteins due to an ompR mutation. Additionally, the strain has a recA mutation and contains a phoR mutation, resulting in constitutive expression of the pho regulon. Bacteria were grown at 37°C in L broth (39) supplemented, when required for plasmid maintenance, with chloramphenicol (37 g/ml) or with ampicillin (100 g/ml).
Plasmids and DNA techniques. Plasmid pST103 is a pUC19 derivative and contains the pldA gene of S. typhimurium (8) . Plasmid ppL302 is an expression construct in which the E. coli pldA gene is cloned behind the phoE promoter (19) . Plasmid pRM37 (a gift from R. Janssen) contains a phoE allele, encoding a mutant PhoE protein with the B-cell epitope encompassing amino acid residues 240 to 255 of membrane protein E2 of Semliki Forest virus (SFV) (35) inserted in loop 8. Other plasmids used were the cloning vector pACYC184 (12) and pUC4K (40) , which carries a kanamycin resistance gene cassette. Plasmid DNA was isolated by the alkaline lysis procedure (4), followed by anion-exchange chromatography on Qiagen columns (Diagen, Düsseldorf, Germany).
To clone the pldA gene of S. typhimurium under control of the phoE promoter, the part of the gene that encodes the mature protein was amplified by PCR with pST103 as the template and the following two oligonucleotides as primers: K005 (5Ј-CGGCgcATGCACAAGAAGC-3Ј), with nonhybridizing nucleotides (in lowercase) to introduce an SphI site (underlined), and K006 (5Ј-AAAgatCtcccg ggAAAACACAATCCAA-3Ј), with nonhybridizing nucleotides (in lowercase) to introduce a BglII site (underlined). Primer K005 hybridizes with nucleotides corresponding to amino acids Ϫ4 to ϩ3 of OMPLA, whereas primer K006 hybridizes with the nucleotides directly behind the stop codon. PCR was carried out essentially as described previously (8) . After digestion with SphI and BglII, the PCR product was used to replace E. coli pldA on pPL302. In the resulting plasmid, pPLST-wt, the S. typhimurium pldA gene is under control of the phoE promoter.
To facilitate the insertion of a linker encoding a foreign epitope, unique BamHI sites were introduced in pPLST-wt at various positions in the pldA gene by a four-primer PCR method (29) . The four primers used were a primer hybridizing to the phoE promoter region (5Ј-TAATCTGTAAGATATCTTTAA C-3Ј), primers K005 and K006 (described above), and a mismatch primer to introduce the desired BamHI site. The PCR products were digested with SphI and BglII and exchanged for the SphI-BglII wild-type fragment of pPLST-wt. Plasmids containing the desired BamHI site were named after the position of the mutation in the topology model ( Fig. 1 and Table 1 ); e.g., pPLST-L1 refers to a plasmid with a BamHI site in the DNA corresponding to loop L1 in the protein.
Linkers encoding the B-cell epitope corresponding to amino acid residues 240 to 255 of the SFV E2 protein were cloned into the created BamHI sites. To maintain the correct reading frame of the pldA gene, either linker A or B (Fig.  2) was chosen. The SFV epitope linkers were unphosphorylated and added in a 1,000-fold molar excess to BamHI-digested plasmid DNA. The presence and orientation of the linkers in recombinant plasmids obtained were checked by means of PCR, using the relevant mutagenic primer and primers hybridizing to the 5Ј and 3Ј ends of the OMPLA-encoding DNA. In the nomenclature used, plasmids containing the epitope linker received the extension E (Table 1) . Corresponding proteins are named after their plasmids; e.g., PLST-T1E is the protein encoded by plasmid pPLST-T1E.
Mutant plasmid pPLST-T6E was obtained in an alternative way. Briefly, a kanamycin resistance cassette was isolated by digesting pUC4K with EcoRI. After the EcoRI overhangs were blunted with the Klenow fragment of DNA polymerase, the kanamycin resistance cassette was inserted in the mung bean nuclease-treated EcoNI site of the S. typhimurium pldA gene on pPLST-wt. The kanamycin resistance cassette was then removed by BamHI digestion, and SFV epitope linker A (Fig. 2) was inserted. The sequence surrounding the insertion is given in Table 1 .
Constructs were sequenced on double-stranded template DNA by the dideoxy chain termination method (33) with the T7 DNA polymerase deaza sequencing kit (Pharmacia LKB Biotechnology). DNA-modifying enzymes were obtained from either Pharmacia LKB Biotechnology or New England Biolabs.
Isolation of crude cell envelope fractions. Cells from 50-ml overnight cultures were lysed by ultrasonication at 0°C in 5 ml of 50 mM Tris-HCl-2 mM EDTA (pH 8.5). After removal of unlysed cells by centrifugation (1,000 ϫ g, 20 min), the crude membrane fraction was pelleted at 170,000 ϫ g for 15 min. The pellet was dissolved in 300 l of 0.225% Triton X-100-2 mM Tris-HCl.
Protein analysis. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (27) . Gels were stained with Coomassie brilliant blue R250. To evaluate heat modifiability of mutant and wildtype OMPLAs, crude cell envelope fractions were either boiled or incubated at room temperature in sample buffer prior to SDS-PAGE.
The polyclonal mouse anti-OMPLA serum used for Western blot analysis was raised against denatured OMPLA (8) . The specificity of the antiserum was increased by affinity purification (11) . Native OMPLA was heat denatured within the gels prior to electroblotting onto nitrocellulose filters as described previously (8) . Blots were developed by using alkaline phosphatase-conjugated goat antimouse immunoglobulins.
Protein concentrations were determined as described by Bradford (6) . Trypsin accessibility experiments. Cells of an overnight culture were pelleted and resuspended in ice-cold 100 mM Tris-HCl (pH 8.0)-0.25 M sucrose supplemented with either 10 mM MgCl 2 (buffer A) or 5 mM EDTA (buffer B). A 100-fold-concentrated stock solution of bovine pancreas trypsin (Sigma) in 100 mM Tris-HCl (pH 8.0)-10 mM MgCl 2 was added to a final concentration of 100 g/ml, and the suspension was incubated at 37°C for 1 h. Subsequently, trypsin was inhibited by the addition of 1 mM phenylmethylsulfonyl fluoride and 500 g of hen egg trypsin inhibitor per ml. Cells were washed twice with either buffer A or buffer B supplemented with trypsin inhibitor (500 g/ml), pelleted, dissolved in SDS-PAGE sample buffer, and incubated for 10 min at 100°C. Proteins were separated by SDS-PAGE and analyzed by Western blotting.
Phospholipase activity assay. OMPLA activity in crude cell envelope fractions was determined spectrophotometrically (17) with the substrate 3-hexadecanoylthiopropyl-1-phosphocholine (1). The measurements were carried out at least in triplicate.
Immunofluorescence microscopy. Cells were harvested and fixed overnight at room temperature in 2% paraformaldehyde-0.5% glutaraldehyde in phosphatebuffered saline (PBS). Occasionally, cells were incubated for 15 min at room temperature with 100 mM EDTA in PBS prior to fixation, in order to remove part of the lipopolysaccharide (LPS) molecules, which might shield exposed epitopes of outer membrane proteins (41) . Fixed cells were preincubated in PBG (0.5% bovine serum albumin and 0.09% fish gelatin in PBS). Cells were treated for 1 h at room temperature with mouse monoclonal antibodies (MAbs) directed either against the SFV B-cell epitope (1:2,000) (provided by I. Fernandez) or against the periplasmic carboxy-terminal tail of OmpA (1:100) (provided by M. Kleerebezem). After being washed, the cells were incubated for 1 h with the second antibody, goat anti-mouse immunoglobulin G/M, labeled with fluorescein isothiocyanate (1:2,000 in PBG). After three washes with PBG, the labeled cells were immobilized on glass cover plates. Labeled cells were visualized in a fluorescence microscope (Leitz Orthoplan) by either fluorescence or phase-contrast microscopy.
RESULTS
Construction of mutant pldA genes. In pPLST-wt, which was constructed as described in Materials and Methods, the DNA fragment encoding the mature domain of S. typhimurium OMPLA is present behind the phoE promoter and signal sequence-encoding domain. This construct allows overproduction of OMPLA in normal strains under phosphate-limiting conditions. To examine the proposed topology model of OMPLA (Fig. 1) , a linker encoding an epitope of SFV (Fig. 2) was inserted at various sites in the pldA gene. First, the unique EcoNI site in S. typhimurium pldA was used to construct pPLST-T6E, which encodes OMPLA with the epitope inserted in periplasmic turn T6 (see Materials and Methods). To obtain additional insertions, unique BamHI sites were first introduced by site-specific mutagenesis, and linkers encoding the SFV epitope were subsequently inserted into these BamHI sites. The constructs obtained are summarized in Table 1 .
Expression of mutant pldA genes. In E. coli CE1265, the pho regulon is constitutively expressed as a result of a phoR mutation. This strain was used for expression of the mutant OMPLA proteins. The mutant proteins containing only one or two amino acid substitutions as a consequence of the introduction of the BamHI sites in the gene had electrophoretic mobilities comparable to that of wild-type OMPLA (Fig. 3) . Except for PLST-L1, all of these mutant proteins were expressed almost as well as wild-type OMPLA was. The drastically reduced detection of PLST-L1 on the Western blots was not caused by the loss of a major antigenic determinant due to the mutation, since this protein was, in contrast to wild-type OMPLA, also hardly detectable on Coomassie blue-stained gels. As expected, the insertion mutant proteins had slightly lower electrophoretic mobilities than the wild-type OMPLA. Their expression levels were in most cases lower than that of the wildtype protein (Fig. 3) . Only PLST-T1E, PLST-L2E, PLST-L4E, and PLST-L5E were expressed approximately equally as well as wild-type OMPLA. The amino acid substitutions in PLST-L1 and the insertions in many mutant proteins might interfere with the efficiency of assembly of these proteins into the outer membrane, resulting in degradation of unassembled proteins by periplasmic proteases.
Like several other outer membrane proteins (see, e.g., reference 21), OMPLA is a heat-modifiable protein (8, 31) ; i.e., the compactly folded, native protein migrates faster in SDS-PAGE than the heat-denatured protein does. To assess whether the mutant OMPLAs were correctly folded, their heat 
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a Last unchanged amino acid, after which mutations are introduced. b SFV indicates the insertion of amino acids 240 to 255 of the SFV E2 protein (Fig. 2) .
VOL. 179, 1997 TOPOLOGY OF OMPLA 3445 modifiabilities were tested (Fig. 4) . In all mutants, at least part of the total amount of the mutant protein expressed migrated faster in the unboiled samples than the denatured forms of their proteins did. Therefore, a major proportion of each of the mutant proteins seems to be folded correctly (Fig. 4) . Enzymatic activity of mutant OMPLAs. Phospholipase A activities of crude outer membrane fractions of derivatives of strain CE1265 carrying the various plasmids were determined quantitatively in a chromogenic assay (Table 2) . To be able to compare the observed activities and the specific activities of the mutant proteins with those of the wild-type OMPLA, the varying expression levels should be taken into consideration. Since the levels of overproduction of the mutant proteins were highly variable, it is not possible to accurately calculate specific activities. Therefore, enzyme activities are presented only qualitatively.
The low enzymatic activities of the mutant proteins PLST-L1, -L1E, -L3E, -T5E, -T6E, and -L7E (Table 2) can be fully accounted for by the low expression levels of these mutant proteins ( Fig. 3 ; Table 2 ). Mutant proteins PLST-L2 and -L7 were well expressed (about 50% of the expression of wild-type OMPLA [ Fig. 3] ), whereas the enzymatic activities were negligible (Table 2) . Obviously, the specific activities of these mutants are much lower than that of wild-type OMPLA. Apparently, the mutations Glu66Pro and Glu247Gly each drastically reduce or even completely abolish enzymatic activity. 
a Expression levels, in E. coli CE1265, of mutant OMPLAs compared with that of wild-type OMPLA. Symbols: ϩϩ, expression comparable with that of wildtype OMPLA (20 to 100%); Ϯ, very low expression (Ͻ5%); Ϫ, no expression.
b Phospholipase activities of mutant OMPLAs compared with that of wild-type OMPLA and background activity. One unit is defined as 1 nmol of 3-hexadecanoyl-thiopropyl-1-phosphocholine converted per min. Symbols: ϩϩ, phospholipase activity comparable to that of wild-type OMPLA (500 to 2,000 U mg of membrane protein Ϫ1 ); ϩ, phospholipase activity considerably lower than that of wild-type OMPLA (50 to 500 U mg of membrane protein Ϫ1 ); Ϫ, phospholipase activity comparable to background levels (Ͻ50 U mg of membrane protein Ϫ1 ).
Consistently, negligible OMPLA activities were detected in the cells expressing PLST-L2E and -L7E, which have epitope insertions at the same sites, although in the case of PLST-L7E this reduction in activity may also be a consequence of the low expression level. Furthermore, PLST-L4E has no or extremely low specific activity. This is expected, since the insert is present close to residues His-142, Ser-144, and Ser-152, which have been shown to be important for enzymatic activity (8, 9, 24) . Accessibility of the inserted epitopes. To probe the location of the inserted epitope in the various OMPLA derivatives relative to the outer membrane plane, two approaches were chosen, i.e., indirect immunofluorescence labeling and trypsin accessibility.
(i) Indirect immunofluorescence labeling. The accessibility of the SFV epitope in the insertion mutants in intact cells was determined by immunocytochemical techniques. Cells expressing the mutant proteins were incubated with MAbs directed against the SFV epitope and subsequently with fluorescein isothiocyanate-labeled secondary antibodies as described in Materials and Methods. The cells were examined by fluorescence microscopy. As a positive control, CE1265 cells carrying plasmid pRM37, which express a derivative of porin PhoE with the SFV epitope inserted in the exposed loop L8, were examined. As expected, most of these cells were found to be labeled (Fig. 5) . Cells expressing the wild-type OMPLA from plasmid pPLST-wt were not labeled when the anti-SFV epitope MAb was used (Fig. 5) . In an additional negative control experiment, CE1265 cells harboring plasmid pPLST-L2E were incubated with a MAb directed against the periplasmic carboxy-terminal tail of OmpA. Cells treated with this antibody were not labeled (Fig. 5) . Immunostaining with the anti-SFV epitope MAb revealed surface labeling of cells expressing the OMPLA insertion derivatives PLST-L2E, PLST-L3E, PLST-L4E, and PLST-L5E (Fig. 5) . From these results it can be concluded that loops L2, L3, L4, and L5 are present on the cell surface, as predicted in the topology model (Fig. 1) . Typically, only a small proportion of the cells was labeled in the case of mutant PLST-L4E. This observation is reminiscent of the results of labeling experiments with antibodies directed against cell surface-exposed epitopes of outer membrane protein PhoE (41) . In that case also, only a small proportion of the cells could be labeled, which was demonstrated to be due to shielding of the epitopes The predicted surface exposure of loops L1, L6, and L7 could not directly be confirmed, since surface labeling was not detectable on cells expressing the PLST-L1E, -L6E, and -L7E mutant proteins (results not shown). The low expression levels of these proteins, possibly in combination with steric hindrance by LPS, could be responsible for the absence of surface labeling. In the case of cells expressing PLST-L6E, steric hindrance could be confirmed, since some labeling was observed after EDTA treatment of the cells (results not shown).
Mutant protein PLST-T1E was well expressed (Fig. 3 ), but cells expressing this protein were not fluorescently stained after being labeled with the anti-SFV MAb (Fig. 5) . This indicates that the epitope in PLST-T1E is localized at the periplasmic side of the outer membrane. The cells expressing PLST-T5E and -T6E also were not fluorescently stained, even after EDTA extraction (results not shown). However, since the expression levels of these proteins were very low, it cannot definitely be concluded that the epitopes are not exposed at the cell surface.
(ii) Trypsin accessibility experiments. In general, outer membrane proteins tend to be protease resistant (30) by virtue of their compact ␤-structures, with the linking surface loops being tightly packed or folded within the ␤-barrel (15). Since OMPLA is thought to have a ␤-barrel-like conformation like the porins (8, 19, 42) , we expected it to be protease resistant. Indeed, wild-type OMPLA was fully resistant to trypsin both in intact cells and in EDTA-permeabilized cells (Fig. 6 ). Since the SFV epitope contains four potential trypsin cleavage sites, it is a sensitive probe in trypsin accessibility experiments. Cells expressing the various insertion mutant proteins were incubated with trypsin in the presence of Mg 2ϩ to stabilize the outer membrane or in the presence of EDTA to permeabilize the outer membrane (38) . To verify the reliability of the approach, cells carrying pRM37, which express a mutant PhoE with the SFV epitope inserted in exposed loop L8, were also treated with trypsin. Whereas wild-type PhoE is not degraded by trypsin (38) , the mutant protein was degraded by trypsin in intact cells, showing that the insert is surface exposed (Fig. 6) . The degradation product detected had an M r in accordance with the position of the trypsin cleavage site. As observed previously (38) , the OmpA protein remained intact after trypsin treatment of the cells in the presence of Mg 2ϩ , whereas the periplasmic tail of the protein was digested in EDTA-permeabilized cells (data not shown). Trypsin treatment of intact cells producing mutant OMPLAs resulted in partial or complete degradation of the mutant proteins PLST-L1E, PLST-L2E, PLST-L3E, PLST-L5E, and PLST-L7E (Fig. 6 ). This indicates that the loops L1, L2, L3, L5, and L7 are indeed surface-exposed loops, in agreement with the proposed topology model (Fig. 1) . Only a portion of the mutant proteins PLST-L1E, PLST-L3E, and PLST-L5E was degraded (Fig. 6) , indicating that the trypsin cleavage sites were not fully accessible to trypsin. In the cases of PLST-L3E and PLST-L5E, proteolytic cleavage was more complete in the presence of EDTA, probably because the shielding of the protease-sensitive sites by LPS molecules was alleviated. Mutant proteins PLST-L4E and PLST-L6E were accessible to trypsin only after permeabilization of the cells with EDTA. This could mean that the trypsin cleavage sites in these proteins are accessible only from the periplasmic side of the membrane. However, another possibility is that these sites are at the external side of the outer membrane but completely shielded by the LPS molecules.
In the presence of Mg 2ϩ , mutant proteins PLST-T1E, -T5E, and -T6E were almost completely resistant to trypsin. After permeabilization of the cells with EDTA, mutant protein PLST-T5E was completely degraded by trypsin and mutant proteins PLST-T1E and PLST-T6E were partially degraded by trypsin. These results are consistent with the periplasmic location of the corresponding insertion sites in the proposed topology model (Fig. 1) .
DISCUSSION
The goal of this study was to determine the topology of OMPLA of S. typhimurium by the epitope insertion method. This approach has proven to have utility in the study of several other outer membrane proteins, including PhoE, LamB, and FhuA (2, 14, 25) . Elaborating on a previously proposed topology model for OMPLA (8) , a B-cell epitope of SFV was introduced at various positions in the protein, and its accessibility in the cells to MAbs and trypsin was determined. The interpretation of the results was not always straightforward, first because of the low expression levels of some of the mutant proteins and second because the accessibility of the insert in some cases appeared to be sterically hindered by other membrane compounds. Nevertheless, to a large extent, the results obtained confirm the proposed topology model. In the mutant proteins PLST-L2E, -L3E, and -L5E the inserted epitope was accessible in intact cells to the SFV-specific MAb, as revealed by immunofluorescence microscopy, and to trypsin. Therefore, it can definitely be concluded that the predicted loops L2, L3, and L5 are indeed surface exposed. Also, PLST-L1E (partially) and PLST-L7E (completely) were cleaved by trypsin in intact cells, showing that the SFV epitope was cell surface exposed. The failure to detect the epitope on the cell surface in these constructs by immunofluorescence is most probably due to their very low expression level. Hence, we conclude that loops L1 and L7 also are cell surface exposed.
Apparently conflicting results were obtained with mutant protein PLST-L4E. The cell surface of a small proportion of the cells expressing PLST-L4E was immunolabeled, suggesting that the inserted epitope is located at the surface. However, the fact that only few cells were immunolabeled cannot be explained by low expression levels, since PLST-L4E was well expressed. Possibly, the putative loop L4 of OMPLA is not very well exposed but folds back into the ␤-barrel like the constriction loop L3 in the porin (15) . Alternatively, the core region of the LPS molecules sterically hindered the binding of the antibodies to the surface-located epitope, as reported before for surface-exposed epitopes of other outer membrane proteins (3, 41) . Indeed, extraction of the cells with EDTA, which removes a portion of the LPS molecules, drastically increased the labeling efficiency, although still far fewer than 50% of the cells were labeled. Nevertheless, the observation that a periplasmic epitope of OmpA was not unmasked by the EDTA treatment suggests that the detection of the SFV epitope in the EDTA-treated cells expressing PLST-L4E is indicative of the cell surface location of the epitope. The concerns with respect to the poor immunostaining of the cells expressing PLST-L4E were reinforced by the finding that PLST-L4E was not accessible to trypsin in intact cells. In contrast, after permeabilization of the cells with EDTA, the epitope became fully accessible to the protease. Previously, such results would have been interpreted as evidence for the periplasmic location of the inserted epitope in PLST-L4E (see, e.g., reference 38). However, the positive reaction, even though of only a limited number of cells, in the immunofluorescence microscopy studies cannot be neglected. Possibly, the inserted epitope in PLST-L4E is located near the cell surface but its accessibility is sterically hindered by LPS molecules, which can be removed in part by EDTA extraction. If this interpretation is correct, the results described here impose severe limitations on a procedure commonly used to map protease-sensitive sites in (recombinant) outer membrane proteins relative to the membrane plane; i.e., whereas protease sensitivity of a site in intact cells in the presence of Mg 2ϩ can still be considered evidence for the cell surface exposure of this site, the unmasking of a site after EDTA treatment cannot be considered definite proof of its periplasmic location. An alternative explanation for our results is that loop L4 has a dual location with respect to the membrane plane, being partly exposed and partly on the periplasmic side. It is important in this respect to note that loop L4 contains the active-site serine, Ser-144, and two other residues, His-142 and Ser-152, which are required for enzymatic activity (8) (9) (10) . Thus, one could envisage a model for the activation of the enzyme that involves a movement of L4 relative to the membrane through the ␤-barrel. The enzyme would be inactive when L4 is exposed to the surface between the LPS molecules, but it would be active when L4 moves to the periplasmic side of the membrane where the phospholipids are.
For PLST-L6E, considerations similar to those for PLST-L4E are applicable. Cells expressing PLST-L6E were not immunostained, and PLST-L6E turned out to be trypsin inaccessible in intact cells. However, after EDTA treatment of the cells, the epitope became accessible both to the MAb in immunofluorescence microscopy and to trypsin. The putative loop L6 is very short (Fig. 1) , which could explain the poor accessibility of the inserted epitope even if the loop is indeed located at the cell surface and the necessity to remove part of the LPS molecules to make it accessible. However, like for L4, no definite conclusions can be drawn from the data obtained for the location of L6 with respect to the membrane plane.
Cells expressing PLST-T1E, -T5E, and -T6E were not labeled by immunofluorescence microscopy, even after extraction of part of the LPS molecules with EDTA. These results suggest that the epitope in these constructs is not exposed to the cell surface. However, it cannot be excluded that the lack of labeling in the cases of PLST-T5E and -T6E is due to the low expression levels of these proteins. Furthermore, PLST-T1E, -T5E, and -T6E were accessible to trypsin only in EDTApermeabilized cells. These results are at least consistent with the presence of T1, T5, and T6 at the periplasmic side of the outer membrane, as proposed in the topology model (Fig. 1) , but, considering the discussion above with respect to PLST-L4E, they cannot be considered definite proof of periplasmic exposure of T1, T5, and T6.
To identify residues that are involved in the catalytic action of OMPLA, the enzymatic activities of the various point and insertion mutants were measured. Strikingly, the mutant proteins PLST-L2 and PLST-L7 displayed no or hardly any enzymatic activity (Table 2) . Apparently, the mutations Glu66Pro and Glu247Gly influence enzymatic activity dramatically. This is the more interesting since it has been suggested that the catalytic center of the enzyme contains a classical Asp-His-Ser triad (see reference 24 and references therein). The involvement of Ser-144 as the active-site serine residue, as originally determined by chemical modification (24) , was recently confirmed by Brok et al. (10) in a site-directed mutagenesis study. Furthermore, the involvement of His-142 in the catalytic mechanism has been demonstrated (9) . So far, the acidic component in the catalytic triad has not been identified. The recently determined structures of acetylcholine esterase (36) and lipase (34) show that glutamates instead of aspartates also can be involved in the triad. For this reason, our finding that the Glu66Pro and Glu247Gly substitutions render the enzyme inactive is of special interest. Although Glu-66 is present in loop L2, Glu-247 is present in loop L7, and the identified active-site residues are present in loop L4, they might be in close proximity in the three-dimensional structure of the protein. Moreover, Glu-66 and Glu-247 are perfectly conserved in all enterobacterial species for which the pldA gene has been sequenced (7, 8) . It is therefore very well possible that either Glu-66 or Glu-247 is the acidic component of the catalytic triad. An alternative possibility is that either one of these residues is involved in Ca 2ϩ binding. Additional site-directed mutagenesis experiments, in combination with enzyme purification, accurate determination of specific activities, and Ca 2ϩ -binding experiments, are to be carried out to unambiguously determine the exact role of each of these glutamates in catalytic activity. 
